Abstract
Introduction
the time of full acoustic array establishment; see below; Appendix 2) were surgically fitted with 140 a Vemco V16-4H transmitter (Vemco, Halifax, NS) . Transmitters were set to emit a unique 141 series of pulses for each shark at a random interval between 30-90 sec (mean emission interval = 142 60 sec; mean battery life = 2 yr). Movements of acoustically tagged sharks were tracked within 143 an array of 43 Vemco VR2 and VR2W acoustic receivers (Fig. 1) , that was fully established by 144 October 2008. In most areas, acoustic receivers were deployed in pairs, such that the location 145 and direction of movement for each acoustically tagged shark could be monitored continuously 146 throughout most of the study system. Due to the complexity of the channels at the mouth of the 147 estuary this could not be achieved in the DR region. However, based on the detection ranges of 148 the acoustic receivers (in situ measurements revealed mean detection ranges were ~500 m; see used to test the effects of sampling month, year, region and their interactions on 1) the 165 probability of detecting all sharks with active transmitters within the system, and 2) the 166 probability of detecting at least one shark with an active transmitter within the system. After
167
analyses of full models with all factors and interactions, interactions with P >0.10 were 168 sequentially removed from models. All main factors (month, year, and region) were included in 169 final models regardless of p-values. Logistic regression was used to test the probability that each 170 shark had left the system (i.e. emigrated) or was 'lost' in the system (i.e. last detected by an 171 acoustic receiver within the array that was not adjacent to an exit point of the estuary) each Longline catch data were analyzed to assess changes in bull shark abundance, distribution 174 and size/age structure relative to the cold snap. Due to the large number of zeros in the data, we 175 used a conditional approach (e.g. Fletcher et al. 2005 , Serafy et al. 2007 ) to quantify the change 176 in shark abundance and distribution in relation to the cold snap. First, we used logistic 177 regression to test the effects of sampling month, year, region, and their interactions on the 178 probability of catching at least one juvenile bull shark on a particular longline set ("occurrence").
179
Next, we used a general linear model to determine how these factors and possible interactions 180 influenced the number of sharks caught on longlines when they were present ("concentration").
181
We pooled months into four sampling periods: Jan-Mar, Apr-Jun, Jul-Sep, and Oct-Dec for each 182 year. Concentration data were transformed using Box-Cox transformations. All interactions 183 with P >0.10 were sequentially removed from models, but main factors were included in final models regardless of significance level. Post hoc Tukey's test was used to test for significant 185 differences across treatments.
186
To determine the effects of the cold snap on the size structure of the bull shark nursery,
187
we used a Kruskal-Wallis one-way analysis of variance to investigate whether the sizes of sharks 188 caught from May-Dec varied across sampling years. Sharks caught from Jan-Apr for all years
189
were not included in body size analyses because no sharks were caught from Jan-Apr in 2010
190
(sharks were captured during these months in other years; Table 1 , Appendix 1), and including
191
sharks from these months in other years could have confounded our ability to investigate changes 192 in size structure between previous years and that present in 2010 after the cold snap. In addition, (Fig. 2) . Water temperatures in the Shark River Estuary during the cold snap were 204 considerably lower (mean = 12.9 °C ± 2.8 SD, 4-15 Jan 2010) than any other time period during 205 the study (Figs. 2 & 3) , and mean daily water temperatures dropped as low as 9.1 °C at the peak of the event (12 Jan 2010 at DR were found dead within the confines of the estuary, presumably from temperature-induced 216 mortality -these were the only sharks found dead during the study (2006) (2007) (2008) (2009) (2010) (2011) . Appendix 2) with surgically implanted acoustic transmitters were active in the tracking array. Of 219 these, 14 individuals were present during the cold snap (2-25 Jan 2010) and had transmitters that 220 were implanted at least 18 days before the event. Six of the 14 individuals present during the 221 cold snap (43%) were 'lost' within the confines of the system during the cold snap (see Fig. 1 for 222 the last detection locations of these individuals), suggesting they probably died in the system.
223
The other eight individuals left the system (i.e. were last detected in the DR region) during the 224 cold snap. The proportion of acoustically tagged sharks that were lost (43%) and that left the 225 system (57%) were considerably greater than any other month during the study (F 46,211 immediately after release (n = 5), 3) likely died due to stress incurred during surgery (n = 2), or 230 4) disappeared inside the array because of natural or anthropogenic mortality (e.g. fishing, boat 231 traffic, other research projects; n = 2; Appendix 2). The acoustically tagged sharks lost during 232 the cold snap (n = 6) were last detected by the receivers within the southeast part of the Shark
233
River region (Fig. 1) where it is highly unlikely that they could have left the system or entered 
239
The probability of detecting at least one shark and all sharks on acoustic receivers within suggests there has not been strong selection for the ability to withstand such events within this 412 nursery.
The resulting change in bull shark density and sizes could have important consequences.
414
Prior to the cold snap, bull sharks in the Shark River Estuary showed a relatively high degree of River from other nurseries is low and is unlikely to speed the recovery of densities and age 440 structure.
441
Our study suggests that rare, but extreme environmental fluctuations can lead to marked 
